Extraordinary transmission induced by defects in semitransparent screens 
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In this letter we present an analytical theory of Extraordinary optical transmission (EOT) through 
semi-transparent screens, such as thin metallic plates or high permittivity dielectric slabs. Using 
this theory we show that EOT appears not only for screens perforated by holes or slits, but also 
for screens loaded by any defects, including opaque defects. These results widen the scope of EOT 
concept, opening up the way to the study of new physical effects. 
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Extraordinary Optical Transmission (EOT) was first 
reported at optical frequencies by Ebbessen and co- 
workers [l| in metallic screens perforated by a periodic 
array of sub- wavelength holes. Since then, EOT has been 
also reported at microwave frequencies [2j , where metals 
behave as almost perfect conductors, and also in per- 
forated lossy dielectric screens d, 0] ■ EOT was also re- 
ported in ID periodic structures, such as metallic screens 
perforated by a periodic array of slits First theories 
of EOT invoked the coupling between "surface plasmons" 
excited at both sides of the screen @, 0] , in order to ex- 
plain this effect, although other theories can be found in 
the literature, including generalization of Bethe's aper- 
ture theory Q and circuit models [§]. The reader may 
consult the excellent reviews by C. Genet ct al. or 
by F. J. Garcia de Abajo [Tljj in order to have a complete 
overview of the topic. 

Recently, the authors of this paper presented an ana- 
lytical theory of EOT through perfect conducting screens 
[12| which was later extended to screens made of realistic 
conductors [13j]. This last generalization was based on 
the surface impedance concept which is widely used in 
classical electromagnetism in order to analyze skin effect 
on imperfect conductors 14]. For thin metallic screens it 
is more convenient to use the generalization of this con- 
cept, providing a matrix relation between electric and 
magnetic fields at both sides (" + " and " - ") of the screen 
fil| . This matrix can be diagonalized in the form (l3j 
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where Ej^ and Hy are the electric and magnetic field 
components parallel to the screen, n is the unitary vec- 
tor normal to the screen, and Z^\ Z<-V 

are some surface 

impedances which depend on the characteristics of the 
screen. For plane waves impinging on an infinite and 
homogeneous screen this expression can be made exact 
(then Z^> and Z^ depend on the angle of incidence 
and polarization), as well as for slab discontinuities in 
a hollow metallic waveguide, as that shown in FigJT] (in 
this case Z« and Z^ are different for each mode) . For 
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FIG. 1. Front and side views of the unit cell of the analyzed 
structure. Due to the polarization of the incident wave and to 
periodicity, upper and lower planes of the unit cell are virtual 
perfect conducting plates (PEC), so that the whole structure 
is equivalent to a symmetrical metallic iris in a parallel plate 
PEC waveguide. 



screens perforated by small holes or loaded by other small 
defects, fl]) can be still considered as an useful approx- 
imation [13(. Finally, ([T]) can be still formally used for 
relating fields at both sides of a channel in the screen. In 
this case Z^ and Z^ are functions of the impedance of 
the dominant mode in the channel [jjjj . 

In order to simplify the analysis we will first consider 
EOT through an array of parallel slits perforated in a 
metallic screen [5( . The unit cell of this structure is shown 
in Fig[T]and, as usual, normal incidence of an electromag- 
netic wave with polarization perpendicular to the slits 
(£" y ) is considered. The particularization of the theoret- 
ical model to this structure has been reported elsewhere 
[HI, [13] and will not be repeated. Here, for the sake com- 
pleteness, we will only write the final equations: 
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(3) 



2 



(1 + R + T + Z^Y T - Z^Yq + Z^Y R)+ 
Y,(T n + Rn + Z<pY n T n + Z^YMsinc (—) = 



\ a / 



(4) 



(-1-R + T+ Z^YaT + Z^Yq - Zi 2) YoR)- 



J2(T n - R n + Z^Y n T n - ZPY n R n )smc = 0. 
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These equations are valid for small slits (b < a/4), and 
must be solved for the transmission and reflection coef- 
ficients T and R, and for the auxiliary coefficients T n 
and R n , with N ~ a/b. In ([2])- (J3J) , Y n are the admit- 
tances of the even TM2„ modes of the empty parallel 



plate waveg uide of FiglU Z\ iJ and Z)t } are the surface 
impedances (JXJ) of the screen for each mode, and Zs, 
Z s are the surface impedances associated with the 
fundamental TEM mode of the slit. It is worth not- 
ing that N in I©-© is usually not more than 8 for 
typical widths of the slits, so that they provide a fast 
and accurate analytical tool for computation. From an- 
other point of view, Eqs. J2]) to ([5]) show that, for a 
given screen and periodicity, transmittance is determined 
by the impedances Zs and Zs . Therefore, a natu- 
ral question is how the transmittance changes with these 
impedances. In electromagnetism there are two limits for 
surface impedance, one of them Z — > corresponding to 
perfect electric conductor (PEC) and the other Z — > oo 
corresponding to perfect "magnetic" conductor (PMC). 
Both of them correspond to opaque surfaces, but, for thin 
semi-transparent screens it is worth to ask what will be 
the effect of filling the slit with PEC or PMC. FigHshows 
the transmittance through a thin screen of Ag, periodi- 
cally perforated by parallel slits which are either empty or 
filled by PEC. The results computed from ©-© (solid 
lines) are compared with the results computed using the 
commercial electromagnetic solver CST Microwave Stu- 
dio (dashed lines) showing very good agreement. In both 
cases an extraordinary transmission peak appears close 
to the Wood's anomaly. Computations (not shown) made 
for slits filled with PMC provide similar results. These re- 
sults strongly suggest that EOT is actually a much more 
general effect than high transmittance through periodic 
sub- wavelength channels, also appearing for opaque de- 
fects in semi-transparent screens. 

Neither PEC nor PMC are available, even approxi- 
mately, at optical frequencies. Therefore, the previous 
results are just theoretical calculations. In order to show 
a more realistic example, we will analyze transmittance 
through a high permittivity dielectric slab. In this case, 
except at Fabry-Perot resonances, a very low transmit- 
tance is expected due to the strong impedance disconti- 
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FIG. 2. Transmittance through an Ag screen of thickness 
t = 100 nm, periodically perforated by an array of parallel 
slits of periodicity a — 1 fim and width b = a/6, which can 
be either empty or filled by a PEC. For the permittivity of 
Ag screen we used a Drude model with the same constants 
already used in and the frequency of collisions corrected 
according to Eq.2.30 of [3, in order to take into account 
collisions of electrons with the boundaries of the screen. For 
empty slits we assumed an extra width equal to two times 
the penetration depth in the Ag boundaries. Solid lines are 
our results computed from (J2j) - <j5j . Dashed lines are results 
from CST. Upper scale shows the ratio ///w, where / w is the 
frequency corresponding to Wood's anomaly / w = c/a. 



nuity at the boundaries of the screen. However, if the 
screen is periodically perforated by an array of periodic 
parallel slits, an extraordinary transmission peak appears 
near Wood's anomaly, just as in EOT through metallic 
screens. This effect is shown in Figj3] which shows trans- 
mittance through a periodic array of slits perforated in a 
slab of zirconium-tin-titanate with e = 92.7(1 + 0.005i) 
20] . As in the previous example, transmittance through 
the same array of slits filled with a PEC (most metals 
behave as PEC at such frequencies) is also shown in the 
Figure. Besides the good agreement between our ana- 
lytic results and electromagnetic simulations, the figure 
also shows how EOT can be induced by periodic opaque 
defects in semi-transparent screens made of high permit- 
tivity dielectrics. 

According to standard theories about EOT, this effect 
is associated to the excitation of weakly coupled leaky 
surface waves at both sides of the screen, with trans- 
verse wavenumbers close to 2n/a, i.e., with wavelengths 
close to the periodicity. In standard EOT, these surface 
waves are coupled through the slits (or the holes in 2D 
systems) perforated in the screen. For semi-transparent 
screens, this coupling can be made through the screen 
itself and the role of the defects is merely to allow for the 



3 



ft 



o.s 



0.6 



§ 0.4 



0.2 



0.971 



0.981 



0.991 



1.001 







* 








! 






J 
1 


[ 


?s 




! 1 ! 






Empty slits 

i i 


;: / ■ 
/ : / • 

' ! // 


i 

i 
■ 

! 














1 ' ! 


T ~= =SB=a ^ 






\ : «' 

f i; 




a 




J 


A * 








f\f PEC filling 








» V 





0.097 



0.098 

/(THz) 



0.099 



0.1 



FIG. 3. Transmittance through a zirconium-tin-titanate (e = 
92. 7(1 + 0. 005i)) screen of thickness t = 0.12 mm, periodically 
perforated by an array of parallel slits of periodicity a = 3 
mm and width b = a/6, which can be either empty or filled 
by a PEC. Solid lines are our results computed from ([2]) - 
([5]). Dashed lines are results from CST. Upper scale shows 
the ratio /// w , where / w is the frequency corresponding to 
Wood's anomaly / w = c/a. 
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FIG. 4. Normalized electric field distribution (absolute value) 
at both sides of the screen for the configuration analyzed in 
Fig|3]with empty slits (a) and slits filled by PEC (b). Calcula- 
tions were made using CST, and correspond to the frequency 
of maximum transmission in both cases. Black color corre- 
sponds to zero field and white color to maximum field value. 



excitation of the surface waves. In order to support this 
interpretation, we show in Fig. 4 the electric field distri- 
bution at both sides of the screen in the configuration of 
Fig|3]at the frequency of maximum transmission. A clear 
standing wave pattern corresponding to the simultaneous 
excitation of two surface waves traveling at opposite di- 
rections along each side of the screen can be appreciated 
in both cases. 

Returning to optical frequencies, we will now inves- 
tigate how EOT can be induced by other defects than 
PECs or PMCs. Specifically, we will consider EOT in- 
duced by ridges or grooves in Ag screens. In this case, 
the analytical theory summarized in ©-([S]) can not be 
applied. However, the system can be still solved by us- 
ing a commercial electromagnetic solver. In FigfS] EOT 
through a silver screen similar to that analyzed in Fig 121 
but with ridges or grooves instead of slits is analyzed 
using CST Microwave Studio. In both cases sharp trans- 
mission peaks appear near Wood's anomaly, thus con- 
firming the hypothesis. The main difference between 
these results and those shown in previous figures is the 
presence of two peaks for the groove configuration (in 
fact, both peaks also appear in the ridge configuration 
for thinner screens). The presence of two extraordinary 
transmission peaks in thick metallic screens is not new 
1 1( | and, for lossless PEC screens, has been explained 
in the frame of circuit theories @ and analytical models 
(l2| . The electric field distribution (not shown) at both 



sides of the screen for the three transmission peaks of 
FigE] (ridge and groove configuration) exhibits very sim- 
ilar behavior to that of FigU) Moreover, whenever two 
peaks appear, the relative phase of fields at both sides of 
the screen is different for each peak, showing a symmet- 
ric or antisymmetric pattern, which correspond to the 
even and odd couplings already discussed in [t| among 
others. These observation confirms that in all cases the 
physical mechanism behind transmission is very similar 
to standard EOT mechanism. 

Until now we have considered ID configurations. Next, 
we will investigate if a similar effect can be observed in 
2D configurations. For this purpose we will use again 
a commercial electromagnetic solver in order to com- 
pute transmittance through silver screens loaded by an 
array of 2D periodic protuberances. Square periodicity 
and square protuberances have been considered in order 
to simplify the analysis. Fig|5] shows the transmittance 
through a semi-transparent silver screen loaded with pro- 
tuberances. The analysis of field distribution (not shown) 
provide results very similar to those of Figs|4l 

From previous analysis and results we can conclude 
that the same physical mechanism behind EOT through 
opaque screens - that is, the excitation of weakly cou- 
pled surface waves at both sides of the screen with wave- 
lengths close to the periodicity - is also behind extraordi- 
nary transmission peaks in ID and 2D semi-transparent 
screens loaded by periodic defects. This fact has been 
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FIG. 5. Transmittance through an Ag screen of thickness 
t — 100 nm, periodically loaded by an array of grooves/ridges 
of periodicity a = 1 fj, m, width b = a/6, and depth/height 
d = 25 nm (see the insets). Transmittance curves have been 
computed using CST Microwave Studio. 
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FIG. 6. Transmittance through an Ag screen of thickness 
t — 100 nm, periodically loaded by an square array of square 
protuberances of periodicity a = 1 /j,m, width b = a/4, and 
depth/height d = 25nm (see the inset). Transmittance curves 
have been computed using CST Microwave Studio. 



shown by means of an analytical theory which takes into 
account all these effects, and by careful numerical simu- 
lations. Analytical theory shows that all these effects are 
predicted by the same set of equations ©-([5]), by simply 
including in the model the appropriate surface impedance 
for the slits and/or the defects. Numerical simulations 



have shown not only the accuracy of the analytical the- 
ory, but also that the field configurations at both sides 
of the screen are very similar in all cases. We feel that 
the reported results will help to a better understanding 
of EOT, extending the physical concept of extraordinary 
transmission to new and interesting physical phenomena. 
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